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Abstract 30 
Objective:  To determine the intra-rater reliability and precision of measurement of lumbar 31 
multifidus (LM) and transversus abdominis (TrA) thickness using freehand ultrasound 32 
imaging (USI) in a range of static and dynamic conditions. 33 
Methods:  Fifteen asymptomatic participants performed a range of exercises whilst USI was 34 
used to measure absolute muscle thickness and change in muscle thickness from rest.  35 
Exercise conditions included the abdominal drawing in manoeuvre (ADIM), active straight 36 
leg raise (ASLR), contralateral arm lift, both unloaded (CAL) and loaded (LCAL), treadmill 37 
walking (WALK) and using the Functional Re-adaptive Exercise Device (FRED).  Intra- and 38 
inter-day reliability was assessed using intraclass correlation coefficients (ICC), and standard 39 
error of measurement was used to assess measurement precision. 40 
Results:  Good to excellent reliability was achieved for TrA and LM absolute thickness in all 41 
conditions.  Measurement precision for absolute LM thickness was ≤2.8mm for CAL, 42 
≤1.8mm for LCAL, ≤3.1mm for WALK and ≤3.8mm for FRED, and for absolute TrA 43 
thickness was ≤0.6mm for ADIM, ≤0.5mm for ASLR, ≤0.7mm for WALK and ≤0.5mm for 44 
FRED.  Good to excellent reliability was achieved for TrA and LM relative muscle thickness 45 
in all conditions.  Measurement precision for relative LM thickness was ≤3.7% for CAL, 46 
≤3.8% for LCAL, ≤6.3% for WALK and ≤7.6% for FRED, and for relative TrA thickness 47 
was ≤13.6% for ADIM, ≤6.9% for ASLR, ≤11.1% for WALK and ≤7.2% for FRED.  48 
Conclusions:  Acceptable reliability and precision of measurement is achieved for absolute 49 
and relative measures of deep spinal muscle thickness using freehand USI in relatively static 50 
and dynamic exercises. 51 
 52 
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Introduction 55 
 56 
The recognition of the deep lumbo-pelvic muscles’ contribution to inter-segmental spinal 57 
stability has led to the wide-spread use of ultrasound imaging (USI) in rehabilitation and 58 
research to assess their activity.1  Lumbar Multifidus (LM) and Transversus Abdominis (TrA) 59 
are deep spinal muscles that are the most widely studied in this context. They make an 60 
important contribution to lumbo-pelvic stability due to their anatomical positioning, 61 
morphology and function,2, 3 including activation during movements in upright postures, 62 
often in a manner that is tonic and not specific to the direction or force of the movement 4, 5.  63 
Studies of individuals with LBP report atrophy, asymmetry and altered recruitment of deep 64 
spinal muscles,6, 7 underlining the relevance of well-functioning TrA and LM to lumbo-pelvic 65 
health and prevention and rehabilitation of LBP. 66 
 67 
Recently, the Functional Re-adaptive Exercise Device (FRED) has been developed to recruit 68 
the deep lumbo-pelvic muscles, including the LM and TrA (Figure 1).8-12 Unlike 69 
conventional exercise devices, the FRED offers no external resistance to motion. This 70 
requires the user to maintain a smooth controlled movement whilst maintaining a stable 71 
upright posture above an unstable base of support. Previously the device has been shown to 72 
recruit both the LM and TrA automatically in an asymptomatic population to a greater extent 73 
than simply standing on an unstable base of support.8 It has also been shown to promote a 74 
more kinematically stable spine and pelvis,10 as well as a more tonic activation of the deep 75 
spinal muscles than walking.9  Caplan et al used surface electromyography to study 76 
superficial lumbo-pelvic muscle activity, including LM, in response to FRED exercise.9 77 
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However, surface EMG does not permit assessment of deep spinal muscle activity that are 78 
impaired in LBP. 79 
 80 
Typical USI assessment of LM and TrA include linear muscle thickness measurements 81 
during rest and contraction.13 Electromyographic studies have shown that linear muscle 82 
thickness change (between rest and contraction) as measured using USI closely reflects 83 
muscle activity at low levels (<40 % maximal voluntary contraction).14, 15 This makes this 84 
non-invasive method a useful alternative to  fine-wire EMG for assessing deep spinal muscle 85 
activity.16 86 
 87 
To date, numerous studies have examined various aspects of reliability concerning USI and 88 
the assessment of LM and TrA during relatively static clinical tests.1 These studies have used 89 
exercises such as the abdominal drawing in manoeuvre (ADIM),17 active straight leg raises 90 
(ASLR)18-20 and contralateral arm lifting (CAL)21 to preferentially activate the deep 91 
paraspinal and abdominal musculature.  To our knowledge, however, only two studies have 92 
examined the reliability and precision of USI during dynamic activity, where TrA and LM 93 
were evaluated whilst the transducer was held in place with a custom made belt during 94 
treadmill walking.22, 23 No studies have reported the reliability of USI measurements of TrA 95 
and LM using a freehand technique during dynamic activities such as treadmill walking or 96 
when using the Functional Re-adaptive Exercise Device.  The purpose of this study was to 97 
determine the intra- and inter-day reliability and measurement precision of LM and TrA USI 98 
using a freehand technique during walking and while using the FRED, in comparison to a 99 
range of relatively static clinical tests. 100 
 101 
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 102 
Materials and Methods 103 
Design 104 
Participants visited an exercise physiology laboratory on three separate occasions with each 105 
visit separated by three days for all participants. All experimental conditions were assessed 106 
on each day. Conditions were counterbalanced to avoid systematic order effects.   107 
 108 
Participants 109 
Fifteen asymptomatic adults volunteered for this study (nine male).  Participants had a 110 
mean±SD age, height, mass and body mass index of 28.1±6.9 years, 1.74±0.07 m, 74.2±11.5 111 
kg and 24.5±3.8 kg.m-2, respectively. Participants were excluded if they had a history of LBP 112 
within the preceding six months, existing or previous musculoskeletal pathology/injury, any 113 
known neuromuscular or joint disease, previous abdominal or lumbar spinal surgery, or were 114 
currently pregnant. They were also excluded if they showed any symptoms that suggested 115 
weakened paraspinal or abdominal musculature. Approval for this study was gained from the 116 
Ethics Committee at Northumbria University. All participants gave written informed consent 117 
to participate. 118 
 119 
Ultrasonographic Assessment of Lumbar Multifidus and Transversus Abdominis 120 
A digital ultrasound imager (Technos MP, Esaote, Genoa, Italy) in B-mode was used by a 121 
single operator (KG) to collect images of LM and TrA during each condition. The operator 122 
had been trained in the use of USI for assessment of LM and TrA thickness, and had 12 123 
months experience prior to the start of this study. A 60 mm curvilinear transducer (CA621, 124 
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Esaote, Genoa, Italy) with a variable centre frequency of 2-7 MHz was used throughout. A 125 
fixed centre frequency of 5 MHz was chosen for both muscles. 126 
 127 
For the measurement of TrA, the transducer was placed transversely on the antero-lateral 128 
abdominal wall superior to the iliac crest along the longitudinal midaxilary line with the 129 
muscle belly in the centre of the screen and the aponeurosis clearly visible. To control for the 130 
influence of food consumption on TrA measurements24 all participants were instructed to 131 
record the time of their last meal before the first visit and replicate this for subsequent visits. 132 
All TrA images were captured at the end of relaxed exhalation where TrA thickness is at its 133 
greatest.25  134 
 135 
For the measurement of LM, the transducer was placed longitudinally along the spine, lateral 136 
to the L4 spinous process and orientated medially to identify the L4/5 facet joint. All images 137 
were captured unilaterally on the right side of the body.  Three images were captured during 138 
each condition, with less than 10 seconds between successive images. Images were saved 139 
locally before being exported for offline analysis following completion of data collection.  140 
 141 
 142 
Experimental Protocol  143 
During each visit participants completed a battery of conditions for assessment of both LM 144 
and TrA. Lumbar Multifidus conditions were rest, unloaded contralateral arm lift (CAL), 145 
loaded contralateral arm lift (LCAL), treadmill walking (WALK), and FRED exercise in 146 
standing. Transversus Abdominis conditions were rest, abdominal drawing-in manoeuvre 147 
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(ADIM), active straight leg raise (ASLR), treadmill walking (WALK), and FRED exercise in 148 
standing. 149 
 150 
For LM at rest, participants lay prone with pillows placed under the abdomen to reduce the 151 
lumbar/sacral junction to less than 10° so that the muscles lie as horizontally as possible 152 
along the spine.15, 26 For CAL and LCAL participants lay prone with their shoulder abducted 153 
120° and their elbow flexed 90° and instructed to raise their arm approximately 5 cm off the 154 
examination couch. For LCAL, participants additionally held a weight of either 0.68 or 0.9 kg 155 
in their hand, dependent on their body mass. 156 
 157 
For TrA at rest, participants lay supine with their hips and knees flexed to 50 and 90°, 158 
respectively. The ADIM was also performed with the participants lying supine. They were 159 
instructed to “take a relaxed breath in and out, hold the breath out, and then draw-in your 160 
lower abdomen without moving your spine”. Alternative cues such as “cut off the flow of 161 
urine” were provided to optimise preferential activation of TrA. Participants were supine for 162 
ASLR with legs extended and feet approximately 20 cm apart. Participants were instructed to 163 
slowly raise the leg ipsilateral to the image site approximately 5 cm off the examination 164 
couch and hold this position for 10 seconds.   165 
 166 
For WALK, participants walked on a treadmill at a self-selected comfortable speed with 167 
images captured when their right foot was in its most anterior position (i.e. heel strike). 168 
Participants were blinded to the actual walking speed selected although this was noted and 169 
replicated at subsequent visits. A digital metronome was set to match stride frequency of each 170 
participant and provided an audible indicator to the imager for image capture. 171 
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 172 
For FRED exercise, participants were instructed to self-select a movement frequency that 173 
allowed them to achieve a smooth, controlled movement with minimal cephalad/caudad 174 
excursion of the torso. As with WALK, images were captured when the right foot was in its 175 
most anterior position in the cycle and a digital metronome matched to the movement 176 
frequency was used to provide an audible indicator to the imager. 177 
 178 
 179 
Image Analysis & Blinding 180 
All ultrasound images were processed offline using publicly available software (ImageJ, US 181 
National Institutes of Health, available at http://rsb.info.nih.gov/ij/). Images were analysed by 182 
a single rater (KG), in random order to ensure blinding of the imager as to the test condition, 183 
participant and previous values. 184 
 185 
Linear measurements between the most posterior portion of L4/5 facet joint and the 186 
thoracolumbar fascia (Figure 2) were taken as LM muscle thickness. Thickness of the TrA 187 
was taken as the linear distance between the superficial and deep hyperechoic fasciae (Figure 188 
3), perpendicular to the muscle fibres, at a standardised distance of 15mm lateral from the 189 
aponeurosis.  190 
 191 
 192 
Data Processing and Statistical Analysis 193 
Two-way random effects intra-class correlation coefficients (ICC) of the three individual 194 
thickness measurements taken each day (ICC2,1) were calculated for estimation of intra-day 195 
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reliability of LM and TrA. Intraclass correlation coefficients were calculated separately for 196 
each day that participants attended.  Inter-day reliability was assessed using two-way random 197 
effects ICC of thickness and thickness change using the mean of three consecutive 198 
measurements (ICC2,3), where thickness change was given as: 199 
 200 
%𝐶ℎ𝑎𝑛𝑔𝑒 = (
(𝐶𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑒𝑑 − 𝑅𝑒𝑠𝑡)
𝑅𝑒𝑠𝑡
) ∙ 100 201 
 202 
Intra-class correlation coefficients were interpreted in accordance with published 203 
recommendations27 where an ICC ≥ 0.9 was excellent, ≥ 0.75 was good, ≥ 0.5 was moderate 204 
and < 0.5 was poor. 205 
 206 
Standard error of measurement (SEM) and minimum detectable change (MDC) were 207 
calculated for estimates of intra- and inter-day precision of measurement for LM and TrA. 208 
Standard error of measurement was calculated as SD∙√(1-ICC) and MDC was calculated as 209 
1.96∙(SEM∙√2). Biases and 95% limits of agreement (LOA) were also calculated for inter-day 210 
precision of measurement estimates as the mean of inter-day difference measurements on 211 
consecutive days ±2SD. All statistical analysis was performed within SPSS (v21, IBM 212 
Corporation, Armonk, New York). 213 
 214 
 215 
Results 216 
Absolute linear LM thickness and relative thickness change from rest is illustrated in Figure 4 217 
for days 1, 2 and 3.  Figure 5 shows absolute linear TrA thickness and relative thickness 218 
change from rest for days 1, 2 and 3. 219 
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 220 
Intra-day Reliability and Precision 221 
Intra-day reliability and precision of measurement estimates for all conditions for absolute 222 
linear muscle thickness on each of the three days are presented in Table 1.  Intra-day 223 
reliability estimates for LM and TrA absolute linear muscle thickness demonstrated good to 224 
excellent reliability with ICC values ranging from 0.83 to 0.97 and 0.89 to 0.97, respectively.  225 
 226 
Intra-day reliability and precision of measurement estimates for all conditions for relative 227 
linear muscle thickness change on each of the three days are presented in Table 2.  Intra-day 228 
reliability estimates for LM and TrA relative linear muscle thickness demonstrated moderate 229 
to excellent reliability with ICC values ranging from 0.59 to 0.95 and 0.52 to 0.97, 230 
respectively.  231 
 232 
Inter-day Reliability and Precision 233 
Inter-day reliability and precision estimates for absolute linear muscle thickness of LM and 234 
TrA are presented in Table 3.  Inter-day reliability estimates for LM and TrA absolute linear 235 
muscle thickness demonstrated excellent reliability, with ICC values ranging between 0.93 to 236 
0.99 and 0.94 to 0.99, respectively.   237 
 238 
Inter-day reliability and precision of measurement estimates for all conditions for relative 239 
linear muscle thickness change on each of the three days are presented in Table 4.  Inter-day 240 
reliability estimates for LM and TrA for relative linear muscle thickness change demonstrated 241 
good to excellent reliability with ICC values ranging from 0.79 to 0.90 and 0.79 to 0.90, 242 
respectively.  243 
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 244 
 245 
Discussion 246 
 247 
This study investigated intra- and inter-day reliability and precision of absolute linear 248 
thickness and relative thickness change measurements of LM and TrA during treadmill 249 
walking and while using the Functional Re-adaptive Exercise Device, in comparison to 250 
relatively static clinical tests. Good to excellent reliability was achieved for both intra- and 251 
inter-day measurements of absolute linear LM and TrA muscle thickness across all 252 
conditions. Relative thickness change demonstrated good reliability between days.  253 
 254 
Intra-day reliability estimates for absolute thickness measurements were consistent with 255 
previous studies. Larivière et al28 reported ICC and SEM of 0.94 and 1.5 mm, respectively, 256 
corresponding closely with the values obtained across all three days in this study. In terms of 257 
thickness change, however, Larivière et al28 reported notably lower reliability (ICC = 0.61), 258 
although precision estimates were similar.   259 
 260 
There is no published literature reporting inter-day reliability of absolute and relative 261 
thickness change of the LM muscle in asymptomatic individuals. In comparison to the 262 
findings of Koppenhaver et al,18 however, general consistency was found in terms of ICC, 263 
SEM and MDC for both absolute and relative thickness changes of LM during LCAL.  264 
 265 
Intra-day reliability estimates for absolute TrA thickness during the ADIM were consistent 266 
with previous literature.  Koppenhaver et al19 reported ICCs greater than 0.9, as in the current 267 
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study.  Their ICC was slightly higher than that that reported here (ICC = 0.97) which was 268 
reflected in the reduced SEM and MDC reported.  Hides et al29 reported a lower ICC of 0.8, 269 
which could be explained by their use of a novice rater.  For relative TrA muscle thickness, 270 
Koppenhaver et al18 reported excellent reliability compared to the moderate to good 271 
reliability reported in the current data.   272 
 273 
Reliability estimates for absolute TrA thickness during the ASLR (ICC = 0.96-0.97) were in 274 
line with both Teyhen et al20 and Koppenhaver et al19, who reported ICCs of 0.96.  For 275 
relative TrA thickness during the ASLR, excellent reliability was observed which was in line 276 
with previous reports18, although Koppenhaver et al18 reported a higher SEM.   277 
 278 
Koppenhaver et al19 and Hides et al29 reported inter-day reliability estimates for absolute TrA 279 
muscle thickness.  During the ADIM, the present data showed better reliability than both 280 
these studies.  Similarly during the ASLR, improved reliability was found in the current study 281 
compared to Koppenhaver et al19. 282 
 283 
Whilst the ADIM, ASLR and CAL tasks have been used to facilitate or evaluate the 284 
recruitment of deep paraspinal and abdominal muscles in populations such as those with 285 
LBP,17-20 they lack functional relevance to dynamic activity.  They are typically used early in 286 
rehabilitation programmes such as specific motor control training to help the patient re-learn 287 
how to correctly activate these muscles, before progressing on to more functional 288 
movements.30 289 
 290 
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As walking is arguably one of the most common functional activities associated with daily 291 
living, it is surprising that, to date, only two studies have explored the use of ultrasound 292 
imaging in this context22, 23. Bunce et al22 examined TrA muscle function using M-mode USI 293 
during treadmill walking in asymptomatic participants whilst using a custom-built belt to 294 
secure the transducer in place, thus allowing hands-free gathering of ultrasound images. 295 
Mangum et al23 also used a belt to hold the transducer in place, measuring both TrA and LM.  296 
The lumbar spine and abdominal wall, however, do not typically experience large ranges of 297 
motion. Therefore, a freehand imaging technique could be simpler if an appropriate level of 298 
reliability and measurement precision can be achieved. 299 
 300 
Bunce and colleagues22 reported marginally lower reliability estimates for absolute TrA 301 
thickness during treadmill walking (ICC = 0.88), alongside precision estimates (SEM = 0.56 302 
mm) consistent with those observed in the current investigation. Mangum et al,23 however, 303 
reported reduced reliability for TrA activation ratio (equivalent to relative thickness) during 304 
walking (ICC = 0.74).  Reliability of LM activation ratio was reported as only being reliable 305 
when lying prone.  These comparisons suggest that for TrA during walking, a freehand 306 
technique is at least as successful in obtaining reliable ultrasound measures of absolute and 307 
relative muscle thickness.  However, the freehand technique appears to achieve much more 308 
reliable measurements of relative LM thickness compared to using a transducer belt in 309 
walking.  This could be a result of the ability of the imager to make small and continuous 310 
adjustments to the transducer orientation to ensure optimal image quality, which is not 311 
possible when using a transducer belt.  Notably, both the reliability and precision estimates 312 
for TrA were improved during FRED exercise than those during treadmill walking. This may 313 
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be a consequence of the reduced axial rotation of the trunk over the pelvis that has been 314 
observed in FRED exercise compared to walking.10 315 
 316 
To date, this is the only study to include ultrasound thickness measurements of the LM during 317 
dynamic activities. Intra-day reliability of absolute muscle thickness was good during WALK 318 
and FRED conditions. As expected, precision estimates were larger during both WALK and 319 
FRED in comparison to the relatively static clinical tests (CAL and LCAL) where physical 320 
movement is much more restricted. 321 
 322 
Relative thickness changes are arguably the most relevant for assessment of change in 323 
functioning across time. These measures, however, incorporate errors associated with 324 
measurements of rest and contraction.18 It is not surprising, therefore, that when expressed in 325 
such a manner, relative inter-day LM thickness changes typically demonstrated reduced 326 
reliability estimates during both WALK and FRED. 327 
 328 
Study Limitations 329 
 330 
This study took measurements of TrA and LM muscle thickness from a relatively small, 331 
homogenous sample of healthy individuals.  In symptomatic individuals, it can be more 332 
difficult to obtain reliable measurements of muscle thickness during contraction due to the 333 
altered motor control seen, the difficulty that symptomatic participants can have in recruiting 334 
TrA and LM, and the heterogeneity of their presentation.30-32 The reliability estimates 335 
presented here are for a single imager and rater, limiting the generalisability of the findings to 336 
the wider group of USI users.  However, this is the first study to have reported on the intra- 337 
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and inter-day reliability of USI using a freehand technique in dynamic conditions.  It also 338 
took measurements on three separate days to determine inter-day reliability.  Other studies 339 
have typically taken measurements over only two days.29 The reduction in MDC reported 340 
here on days two and three suggest that where images of TrA and LM are to be used in either 341 
clinical or research settings during novel exercises or positions, an opportunity for 342 
familiarisation should be provided to increase measurement reliability. 343 
 344 
Conclusion 345 
 346 
Intra-day reliability was found to be good to excellent for a range of dynamic and control 347 
conditions for both absolute and relative thickness measurement of LM and TrA.  Minimum 348 
detectable change in LM and TrA absolute muscle thickness measurements within day was 349 
lower than for relative muscle thickness measurements.  Inter-day reliability was found to be 350 
good to excellent across all conditions for both absolute and relative thickness measurements.  351 
Minimum detectable change between days was also found to be lower for absolute than for 352 
relative muscle thickness measurements.  These findings support the use of freehand USI for 353 
the assessment of lumbopelvic muscle thickness during dynamic activities such as treadmill 354 
walking and FRED exercise.  The minimum detectable change values reported also provide a 355 
useful reference for use in future studies investigating lumbopelvic muscle activity using 356 
USI. 357 
 358 
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Figure 1 451 
 452 
Figure 1. The Functional Re-adaptive Exercise Device 453 
 454 
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Figure 2 456 
 457 
Figure 2. Exemplar captured ultrasound image of the longitudinal view of the lumbar 458 
vertebrae including the subcutaneous tissue (ST), lumbar multifidus muscle (LM), and the 459 
L4/5 and L5/S1 facet joints 460 
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Figure 3 463 
 464 
Figure 3. Exemplar captured ultrasound image of the anterolateral abdominal wall including 465 
the external oblique (EO), internal oblique (IO) and the transversus abdominis (TrA) muscles 466 
467 
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Figure 4 468 
 469 
Figure 4. Absolute thickness (A) and percentage thickness change relative to resting 470 
thickness (B) of the lumbar multifidus (LM) during each condition (CAL, contralateral arm 471 
lift; LCAL, contralateral arm lift with external load; WALK, treadmill walking; FRED, 472 
Functional Re-adaptive Exercise Device) across days one (black bars), two (white bars) and 473 
three (grey bars). Error bars indicate intra-day standard error of measurement 474 
475 
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Figure 5 476 
 477 
Figure 5. Absolute thickness (A) and percentage thickness change relative to resting 478 
thickness (B) of the transversus abdominis (TrA) during each condition (ADIM, abdominal 479 
drawing-in manoeuvre; ASLR, active straight leg raise; WALK, treadmill walking; FRED, 480 
Functional Re-adaptive Exercise Device) across days one (black bars), two (white bars) and 481 
three (grey bars). Error bars indicate intra-day standard error of measurement 482 
483 
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Table 1 484 
Table 1. Intra-day reliability and precision of absolute linear muscle thickness using three 485 
consecutive individual measures for each assessed conditions, presented separately for each 486 
of the three days. 487 
 
ICC2,1  SEM (mm) 
 
MDC (mm) 
Condition 
Day   Day   Day  
1 2 3  1 2 3 
 
1 2 3 
LM            
   Rest 0.97 0.95 0.96  1.2 1.3 1.3  3.2 3.6 3.7 
   CAL 0.88 0.92 0.93  2.8 2.2 2.2  7.8 6.0 6.0 
   LCAL 0.96 0.97 0.96  1.8 1.5 1.8  4.9 4.2 5.0 
   WALK 0.89 0.84 0.91  3.1 3.1 2.4  8.7 8.5 6.8 
   FRED 0.83 0.84 0.89  3.8 3.4 3.3  10.5 9.4 9.1 
TrA            
   Rest 0.96 0.97 0.96  0.4 0.3 0.3  1.0 0.9 0.9 
   ADIM 0.91 0.92 0.93  0.6 0.5 0.5  1.6 1.5 1.4 
   ASLR 0.96 0.97 0.97  0.5 0.3 0.4  1.3 1.0 1.0 
   WALK 0.89 0.93 0.93  0.7 0.5 0.6  1.8 1.5 1.5 
   FRED 0.97 0.97 0.95  0.4 0.4 0.5  1.2 1.2 1.4 
Abbreviations: ICC, intraclass correlation coefficient; SEM, standard error of measurement; 
MDC, minimum detectable change; CAL, contralateral arm lift; LCAL, loaded contralateral arm 
lift; WALK, treadmill walking; FRED, Functional Re-adaptive Exercise Device;  ADIM, 
abdominal drawing-in manoeuvre; ASLR, active straight leg raise. 
 488 
 489 
 490 
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Table 2 493 
Table 2. Intra-day reliability and precision of relative linear muscle thickness change using 494 
individual measures for each assessed conditions, presented separately for each of the three 495 
days. 496 
 
ICC2,1  SEM (%) 
 
MDC (%) 
Condition 
Day  Day  Day 
1 2 3  1 2 3 
 
1 2 3 
LM            
   CAL 0.91 0.79 0.83  3.3 3.5 3.7  9.0 9.8 10.1 
   LCAL 0.91 0.95 0.90  3.8 2.8 3.5  10.6 7.9 9.6 
   WALK 0.80 0.89 0.88  6.3 6.1 5.1  17.6 16.9 14.2 
   FRED 0.59 0.83 0.73  7.6 6.3 6.5  21.0 17.4 18.1 
TrA            
   ADIM 0.67 0.80 0.62  13.6 8.3 8.3  37.8 23.1 23.0 
   ASLR 0.88 0.97 0.96  6.9 4.8 5.2  19.1 13.4 14.4 
   WALK 0.70 0.83 0.52  11.1 8.0 7.9  30.8 22.1 21.9 
   FRED 0.81 0.89 0.81  6.4 6.2 7.2  17.8 17.2 20.0 
Abbreviations: ICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard 
error of measurement; MDC, minimum detectable change; ADIM, abdominal drawing-in 
manoeuvre; ASLR, active straight leg raise; CAL, contralateral arm lift; LCAL, loaded 
contralateral arm lift; FRED, Functional Re-adaptive Exercise Device.  
 497 
 498 
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Table 3 501 
Table 3. Inter-day reliability and precision of absolute linear muscle thickness using a mean 502 
of three measures for each assessed conditions for each of the three days. 503 
 
ICC2,3  Bias (95 CI) ± 95% LOA  SEM (mm)  MDC (mm) 
Condition All 
D1-
D2 
D2-
D3 
 D1-D2 D2-D3  
D1-
D2 
D2-
D3 
 
D1-
D2 
D2-
D3 
LM             
   Rest 0.99 0.96 0.96  -0.4 (-1.4-0.6) ± 3.5 0.4 (-0.5-1.4) ± 3.4  1.2 1.2  3.4 3.4 
   CAL 0.93 0.95 0.93  0.4 (-0.3-1.0) ± 2.3 -0.8 (-1.7-0.1) ± 3.3  1.8 2.1  4.9 5.9 
   LCAL 0.98 0.96 0.96  -0.1 (-0.6-0.4) ± 1.8 0.8 (0.4-1.3) ± 1.6  1.8 1.8  5.0 4.9 
   WALK 0.94 0.93 0.93  -1.7 (-3.4-0.1) ± 6.0 -1.9 (-3.7-0.0) ± 6.4  2.3 2.1  6.2 5.8 
   FRED 0.95 0.93 0.94  2.4 (0.9-3.9) ± 1.4 0.8 (-0.7-2.2) ± 5.1  2.3 2.3  6.5 6.2 
TrA             
   Rest 0.99 0.99 0.99  0.1 (0.0-0.3) ± 0.5 -0.2 (-0.3-0.0) ± 0.6  0.2 0.2  0.5 0.5 
   ADIM 0.98 0.97 0.98  0.1 (-0.2-0.5) ± 1.4 0.0 (-0.3-0.4) ± 1.1  0.3 0.3  0.9 0.8 
   ASLR 0.98 0.97 0.99  -0.1 (-0.4-0.2) ± 1.0 0.2 (0.1-0.3) ± 0.4  0.4 0.2  1.0 0.6 
   WALK 0.94 0.97 0.94  -0.1 (-0.6-0.3) ± 1.5 0.0 (-0.3-0.3) ± 1.0  0.3 0.5  0.9 1.4 
   FRED 0.98 0.98 0.98  0.1 (-0.2-0.3) ± 0.2 0.1 (-0.1-0.3) ± 0.7  0.4 0.3  1.0 0.9 
Abbreviations: ICC, intraclass correlation coefficient; CI, confidence interval; LOA, limits of agreement; 
SEM, standard error of measurement; MDC, minimum detectable change; D1-3, Day 1-3, ADIM, 
abdominal drawing-in manoeuvre; ASLR, active straight leg raise; CAL, contralateral arm lift; FRED, 
Functional Re-adaptive Exercise Device. 
 504 
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Table 4 507 
Table 4. Inter-day reliability and precision of linear muscle thickness change (normalised to 508 
resting thickness) using a mean of three measures for each assessed conditions for each of the 509 
three days. 510 
 
ICC2,3  Bias (95 CI) ± 95% LOA  SEM (%)  MDC (%) 
Condition All 
D1-
D2 
D2-
D3 
 D1-D2 D2-D3  
D1-
D2 
D2-
D3 
 
D1-
D2 
D2-
D3 
LM             
   CAL 0.79 0.77 0.76  2.4 (-1.9-6.8) ± 15.5 -4.6 (-8.7--0.6) ± 14.4  4.3 3.9  12.0 10.8 
   LCAL 0.90 0.89 0.82  1.0 (-3.4-5.5) ± 15.8 1.0 (-4.2-6.3) ± 18.6  4.3 3.4  11.8 9.5 
   WALK 0.84 0.85 0.82  -3.2 (-9.8-3.4) ± 23.3 -9.0 (-17.0--0.7) ± 29.5  6.4 5.1  17.7 14.0 
   FRED 0.84 0.78 0.79  10.6 (4.2--7.2) ± 22.8 -0.2 (-7.7-7.2) ± 26.2  6.4 5.3  17.7 14.8 
TrA             
   ADIM 0.87 0.82 0.89  -1.1 (-8.7-6.55) ± 27.0 4.7 (-0.8-10) ± 19.8  7.5 4.6  20.7 12.7 
   ASLR 0.9 0.84 0.91  -4.7 (-12.0-2.8) ± 26.5 7.5 (3.0-11.9) ± 15.8  9.3 4.1  25.8 11.3 
   WALK 0.79 0.74 0.77  -8.4 (-19-1.6) ± 35.7 3.2 (-4.5-10.8) ± 27.1  10.1 8.7  28.1 24.2 
   FRED 0.88 0.81 0.93  -3.1 (-11.0-4.4) ± 26.5 7.5 (2.4-13) ± 18.2  7.4 3.6  20.4 9.9 
Abbreviations: ICC, intraclass correlation coefficient; CI, confidence interval; LOA, limits of agreement; 
SEM, standard error of measurement; MDC, minimum detectable change; D1-3, Day 1-3, ADIM, 
abdominal drawing-in manoeuvre; ASLR, active straight leg raise; CAL, contralateral arm lift; FRED, 
Functional Re-adaptive Exercise Device. 
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